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Abstract

Alkanethiol monolayers onthe surface of liquid mercury ,re a class of supportedorganic films intermediare betwee;,h. il'il"g .afs of Langmuir monolayers(LAMs) on water and serf-asserbl"d-;;;l; monorayers (SAMs) on crysralrine.subsrrares. We review r,"r. *,"- n"sr- il"ror"r,"n ,t"oi", ;i d*;; sr,rcture,using synchrotron-based sorrace-s["i;;'""", techniques, for chain lengthsof 8 < n < 30. We show ,h" ;iil;;n"i ,nonor"yers and multilayers ofalkanethiols can be prepared on n" riquid rli.uo surface. The morecules in thelayers are well aligned along the il;:;:de n se I v "t - rtA' ;;. morec u I e. s "'"; J;c,'iTlrxxnr,tlf r"":",r-r:"fllong-range in-plane order ir oir"."1l1;;:;"""rayer phase. By contrast, themultilayers-which consist of stacks-oi'ii,or b'ayers intercarated with amercury layer between the two tr,ior monorayers-show a rong-range in-planecrystalline order' with. "i gbrjg-". i*li'ii.i.ionar unit ce, and a-coherenceIength of a few thousana A- we air"urr',r,o" resulrs in terms of the reradvestrengths of the interchain and rur,."i"-i""i!roup int".u"tions in the system ineaclr case and show why.the d;i;";;;ir,. for,n", ..r"urirn*.long_range

ffi:,Tr,}',f;11!]"t*', 
while the a"'i"-". if ,h. ruu", in0,,"".'li.*aer in the

6.1 Introduction

Layers of organic molecures on water were arready known to the ancientGreeks.r Romans,2 and chinese];;';J;"d that a stonny sea surface in thevicinity of a ship or a diver "o"ra u. ""rr""o io*n by pouring o' over the water.Benjamin Franklina realized, -a a"r-"rrir"i"d experimentally in the claphampools, that in spite of their ."*g "ii.i ". ,thin' Fo'owinj o. *'"i*r *:,; ;;;;rffi: xT ft''' ff.?"f:';:glayers became to be known as Langmuir.*"r"v"^ oalrai'iririJrono*ing;when spread on water, and Lanlmuir-nioag"n films when ransferred as
il::,",tffiff#:[:1t^"-:-:"i: i solid substrate. rhese ravers have beeninso-."an.J;;;;;;;",",:l,rHi::'iH:ir".ffi ;:;'U;j*:*""":U:
,'#ij 

t 
'HT,H 

""1 
:"# : *. .In uor.',ea,as Jo.ri"."o to bu I k material. the study of

10:","a"f "at;;;'i:i;,?;11,:I"T#i":::::x,,nl*r::*i"*l
techniques suitabre for liq.uid #";;;;;; aievetopea,,0 and the first stuoies ofLAMs on warer *ere pubiishJll-il.;;ii,ou", 

rely heavily on the intense.
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highly collimated X-ray beams availablesoph i s ti c ated m athe m a t i ca I m oae r i nf ana":il;"iilTff ; T'ffi: :3k' ;:last decade, these techniqu", p.ou.i ".*i,.*.ry ,u"..rrfr]r in-.tu"iauting tt.structures of many types of r-.rirurt-t*r, as.straight_ci,"in su.ru.tunts,2 lfattyrcids, atcohols, atkanes, 
-phospholipids, ","-1, pojv,,.,.r, fi;;;.", shapes,r3fullerenes,ra etc._and ti,.i, uu.i"iori' witrr *rf"". pr*rurl. ,.rnp.rarure,subphase additives,.and.ottrer ptrys-ic-at ana chemi"", ;;;;;rs. with veryfew gxggpli6ns,r'5 at of ,r,.r" r,irJ,rrul'riror", *"r. rJ;;;'*-it.. ,uuphur.r.A different tvpe of an organic .";i;;;;, thus far "oo,;;;;ivery to soridsurfaces. has its origin in the-work ore'i!'.io* "i 11 

,a 
1ii **ii,'..i.u.roped andextended by Netzer and Sagiv,r7 Nurr"i-Jna allara.rs and others.o These serf_assembred monorayers (satrasl ur. ro-*ri uv uaro.ptioi 

"rroi''u 
sorurion ofor-eanic molecules onto the surface or " ,"iia.,p"r_v_ or single_crystarine metar orsemicondu*or immersed in the sorutio".'erir,o"gn *.oil,'ieil, .,nproy"a

:"1{li:"#::Tlffi: 
on silicon ,urfu""r.'.oon it was reatizea tiat a'<yr trr;ors,

.Ti: ***: #i# #ii #:il'l **i# ";i t*"# Hj
;;l [ ff f.5 are bv rar t he be s t - s r udi;; il#J ;,?''j:]' :fllt#: :"f 

';."j 
;::j

supported organic layers are of prime inreresr for many scienrific disciprinesfor a variety of reasons. In physics,'su.if"r.r. represent quasi_rwo_dimensionalmatrer and hbnce atow the srudy of t# arn,.nrro";;"0*#;e of phasebehavior' critical phenomena, and other fundamental ptvri"ui"ir.l,r. ,n u,o,ogr,
;H#T,rffLji*" 

as simprined ;;;i, ror rne;;n;;;;;;e and may

i:;?:';",,fr:r1;J*:H'yit:";$ii.;,:'",}i;r.:T;:'#:d:more. In -"ai.-"r science, these fitms n"r" ,rjll:ltio: 
chemistry, and much

spec i fi c drug de r ivery in con tror r ed ;;; ;'f.:ili,ilf 
';X 

Hiil;il:,$:: ;where they render viral binding ,1", .Lfi.embranes inactive.Many apprications, such as ;.;d;r"nrior,, *"*;.;;;on, biosensing,adhesion enhancemenr, erc., make these nrrn, r,igr,rv il;ill il industry as

i!||"lTl rl,"llli::"ff lr'r'"""ffi ,f: *: n.ra "r lii.oli..' in,r,. n.*,
i"tr-;'#ff :,:::f,Wi::t!f:i,i:ffi"ilffiTT:'#tni,,:lln:
,,-T. 

r,.-:rure and phase behavio, of ii. tudiscussedabovearesensitivery*",-i,.i"orl"*1,1.;.r:l"T-,lH#nX:fi:
fint of these is rhe interchai" rlcj """ a."r'w""t. interaction, for which theminimal-energy monolayer sructure is one of densely packed paralrer chains.

I
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This interaction gives rise to crystalline layered structures in alkane and alkanederivatives in bulk systemszr,and promotes self_assembly and long_rangepositional order at interfaces.23 The second is the interaction between thesubphase and the terminal end group (sE) of the organic molecure. wirh a muchmore complex nature, this interaction differs gtritty from system ro sysre;naccording to the types^of chemical groups invorved and the structurar properties
of the substrate. The SE interaction ,"V either oppose or promote lon-9_rangeorder in the monorayer, depending, for exampre, on ii, ,,r"n-nth, on whether or notthe substrate has long-range order (i.e., is crystatine o, noty, and if it hrs lon*g-range order, on whether or not the order favored by the substrate-generated
spatial modulation of.the binding energy-the so called comrgation potentiat-iscommensurate with that favored by the IC interaction.

Even when construcrcd from moiecules with the same chemicar backbones, rhestruct'res and propenies of SAMs and LAMs may be vastry different. Thisreflects a different barance of the two interactions discussed above, as weil assignificant differences in the substrate properties. For SAMs, the SE bindingenergy greatly exceeds the IC interacrion. For exampre. for thiols on gtrld thecovalent Au-S bond strength is2a -400 kJ/mol, ", "o,,,p_"J,ot3-i I kJ/mol forthe van der waals IC interacrion per a single cH2 unit of the alkyr chains. By' 
contrast, for LAMs on water the SE-hydrolen boi.,a ,o"njt iF- s to urmot,which is comparable to or ress than the Ic interaction foi alrryl chains lG-20carbons long. Eve-n the com,rgation potential of SAM subsrrates, of oroer lo-Z}voof the sE energy,zo'zc is still considerably larger than the full SE-hydrogen bondstrength in LAMs. Furthermore, the SAM rulrt "t. is usualry a cristalline solidwith a rigid' long-range.ordered lanice. Dependent on substrate -d t"-p"r"rur.,commensurate' uniaxial-incommensurate, or two- dimensionally incommensu_rate sAM stnrctures have been observed, with the former two reflecting thestrong influence of the substrate on the sAM's order. SAMs are armost arwaysdensely packed, and once formed, their arear density cannot be changed by alateral pressure. By contrast, LAM substrates are liquid and possess no long-range order and hence no comrgation potential. The order encountered in LAMsis therefore clearly not inducedipitaxiatty. Rrrthermore, the subphase moleculesare free to move raterally to "."o*rodatc the structure favored by the chains.This allows induction of reversible smrctural variation in the LAMs, from anexpanded to a dense packing, by applying a Iateral surface pressure.

Alkanethiol films on mercury cannot be classified as either SAMs or LAMs.For. example, the Hg-S binding energ y, - 200 kJlmol.z1 ;, ;; i"rge, tnun tf,"IC interaction in SAMs. rrris energyis .o.p;"bl;;;;" $'il;;;ion of thiolson solid Au, Ag ( - 
?p_.kJlmor2a and cu ( - 280 kJ/.;F;;;; twentyfoldstronger than the - l0 kJ/mol hydro_een bond of LAMs.25 On the ottrer hand, incommon with LAMs, the substrate is liquid; its surface lacks an intrinsic lons-
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range order that can be imposed on the monclayer, and :he surface atoms are free
to move laterally to accommodate ordering in the monolayer. The system of
thiols on Hg is, therefore, an intermediate system that can be used to disentangle
the influence of the SE bond strength from the lattice periodicity as reflecred in
the comrgation potential. Moreover, several methods (discussed below) can be
employed to iune the relevant interactions in our system. bringing it close to
either one of the two erremes. This allows. in principle, the possibility of studying
the structural implications of variations in the relevant interactions over a wide
range of conditions and, eventually, to control the layer's structure at the
molecular level.

A large body of thermodynamic and other macroscopic data is available in the
Iiterature for organic monolayers on liquid mercury, both at the -9as27 and
electrochemical interfaces.tt't" In some of these, indirect evidence-such as the
limiting area per molecule-is used to postulate a molecular structure for the
monolayer, which is significantly different than that of LAMs of the same
molecules on water. For example, ring compounds tend to lie flat on water, but
are expected to stand on edge on Hg. u,hereas alkyl compounds at low surface
coverage are expected to lie flat on Hg. bur would be standing up on water.27
These. and other postulated effects, have not been tested by direct siructural
methods.

At the aqueous or eiectrolyte interface. the properties of the thiol-coated Hg
surface have been investigated by measuring the current voltage character-
istics.3G32 Demoz and Harrison have shown that a hexadecanethior monolayer on
the mercury surface forms an insulating film where the current is reduced by as
much as 20,000 when compared to the bare electrode.3o This implies that a
defect-free, uniform thiol film covers the surface. Bruckner-Lea and coworkers
have extended these measurements by controlling the surface area of the thiol-
coated mercury electrode.32 Their studies show that an expansion of the surface
area produces defects and pinholes in the thiol film that are almost completely
removed when the drop is compressed back to its ir'itial surface area. However,
neither of these studies provides direct structural information on the thiol surface
layer.

Srructural studies of thin organic films on liquid metal surfaces have received
practically no attention compared with studies on solid supports. Liquid metal
surfaces present unique characterization problems since uFry electron-
diffraction techniques are hampered by the high vapor pressure of the mercury
and the samples cannot be easily manipulated. Scanning tip techniques are also
unsuited for studies of liquid metal surfaces since the tip interaction disturbs the
nature of the liquid surface. Furthermore. the rastering times of these techniques
are too long, as compared with the atomic motions. to obtain "snapshots" of the
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atomic packing at the surface. Despite these problems (unsuccessful) attempts
have been made to image the thiol-coated Hg surface using STM.33

Surface X-ray scattering techniques are emerging as a direct probe of the
structure of liquid-me_tal surfaces, as evidenced by recent studies of the surfaces
of liquid mercury3o'35 and liquid gailium.36 These reflectivity studies have also
been extended to binary ailoys3T'38 and oxides on liquid metal surfaces.3e For
clean Hg and Ga surfaces, broad peaks in the X-ray reflectiviry spectrum are
found, clearly proving the long-predicted atomic layering near the surface and
showing a decay length of the layering of a few atomic diameters. Grazing-
incidence diffraction shows that the in-plane structure near the surface is liquid-
like, in spite of the layering order normar to the surface.3s The surface roughness
of mercury was found in these studies to be o = l.l - t.4A, in excellent
agreement with capillary wave theory.aO Although the microscopic roughness for
single-crystal substrates is also sub-A over a single crystalline facet, these facets,
which are hundreds to thousands of A on a side, are separated from each other by
single or multiple aromic sreps, which, of course. do not exist at the liquid
surface. Thus, the ultra-smooth liquid metal surfaces-which, unlike solid
crystalline surfaces, are free from any static structural surface features like
atomic steps and defects-are deemed to be almost ideal substrates for orsanic
films.

Apart from our measurements on alkanethiols on mercury only two other
X-ray experiments of organics on a liquid metar have been published. The first,
a study of stearic-acid-covered Hg,al used -grazing-incidence diffraction
exclusively and addressed only the question ofthe adsorbate's possible influence
on the structure of the liquid surface. Two grazing-incidence diffraction peaks,
interpreted as indicating a hexagonal packing in the monolayer, were resolved. In
the absence of reffectivity measurements, however, the structure of the layer
normal to the surface could not be determined, nor could proof be provided that
the observed peaks originated in a monolayer rather than a multilayer or even
small three-dimensional crystalline particles. Very recently, Harzallah and
coworkersa2 employed X-ray reflectiviiy to show that well-defined monolayers of
several fatty acids with molecules oriented normal to the surface could be
prepared on the surface of mercury. No attempt was made in that study to
determine the in-plane struc$re of the monoiayers by grazing-incidence
diffraction.

Using synchrotron X-ray reflectivity and grazing-incidence diffraction, we
have studied the srructure of thiol films on the surface of mercury.a3 The
monolayers were found to be very uniform, with densely packed molecules well
aligned along the surface normal. Yet, contrary to expectations and in marked
contrast to both sAMs and LAMs, grazing-incidence diffraction revealed no
sharp in-plane peaks. indicating that no long-range lateral order is established
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within the monolayer. This was attributea to tt " strong epimxy of the layer ro the
disordered liquid subsnate. The liquid-like in-plane srrucrure and layering along
the surface normal, which are observed for the bare liquid surface, are marntained
also when covered by the organic film. For higher dosages of thiols, multilayers
are formed. ln contrast to the monolayers, more than l0 sharp grazing-incidence
diffraction peaks were found, indicating that the multilayers are trighly ordered
in-piane. The crystallographic structure of the film was determined bottr in-pla:re
and normal to the surface. The implications of these results to LAM and SAM
structures are discussed below in detail, as are ways of extending these
measurements to provide more comprehensive answers to the issues rarsed
above.

6.2 Experimental

Detailed discussions of techniques and procedures for X-ray diftiacion and
reflectivity measurements of organic monolayers on liquid surfaces are available
in the literaturero and will be discussed here only briefly. we will. however.
discuss in some detail the special features peculiar to measurements on liouid
metal surfaces.

. 6.2.1 Seuples nNp S.c,r\4pr_e CeLL

A sketch of the sample cell used in most of the measuremenrs is shown in Fig.
la. It consists of a sealed glass vessel with panoramic Be X-ray windows (D)
allowing X-ray access over the required angular range. A glass trough (A)
residing at the bonom of the cell is filled with liquid Hg from a sealed reservoir
(B) through a glass capillary (c). The ceil and reservoir are keDt under an
oxidation-preventing hydrogen gas atmosphere. introduced via the las handling
slstenr (E). Earlier measurements performed in a nonseaied cell lave similar
results but were not as stable in time as those presented here. The celi is rr,ounted
on an active vibration isolation table (F), which virtuallv eliminates all
vibrational pickup by the rather thick (34 mm) mercury pool. The isolation
table is rnounted, in tum, on the liquid surface reflectometer.

In our study we investigated alkanethiols, cH3(cHz), - rSH (denoted c,, in the
following) with n:8, 12, 16. 18,22,30. Monolayers were deposited on clean
liquid Hg surfaces by various techniques: direct applicarion of the thiols in their
liquid state, chemical vapor deposition, self-assembly from an erhanol bath as per
the standard practice for SAMs, and spreading from a dilute chloroform solution
as per the standard practice for LAMs on water. Multilayers were formed by

i r l
1
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eitherextended vapordeposition ordirect applicatiorr of the thiols. we found that,regardless of the deposition techniqu", tulild"fined layers could be obtaineclreproducibly, showing identical X-iay characteristics. Rrrthermore, the filmswere stable over the severar hours required to take the X-ray measurements.
Precautions like keeping the incident X-ray flux as low as practical, using anoxygen-free environment, etc., were taken to keep beam damage effects to aminimum. All experiments were performed ar room temperature.

6.2.2 Sunrece X-nny MgasuRrNc TEcHNreuEs

The structure of the films was investigated by grazing_incidence X_raydiffraction (GIXDFa technique sensitive tl the atomic and morecular strucrurewithin the surface plane-and X-ray reflectivity (XR). which probes the surface-
normal electronic density profile. Detailed accounts of both are available in theliterature,lo and therefore will be discussed here only briefly. The experimentalgeometry is shown in Fi-e. lb. The XR is obtained with a: p and20:0", while
GIXD is obtained for a < a.. and 20 * O. where a. is the critical angle for totalexternal reflection.

The XR measuremenrs over the range 01e, S 2.SA-r, where
q- = $nl)-) sinz, were done ar beamline x2zB and ti,. *ig!t., beamline X25at the NSLS. The absolute reflectiviry was obtained from measurements arong thespecular axis (20:0o), subtracted by the diftuse background measured at20: r'0'6" ' and normalized by tne direct beam inrensiry. The GIXDmeasurements were done at the TRoIKA undulator beamrine ui *," gsRr.*a
remeasured (with identical results) at beamline s x22B and X25 at NSLSemploying wavelengrhs in the range 0.65A < ). < r.21.rne inciJence angre forthe GIXD measurementS w{s d,: o.z :0.6a., and the vertical acceptance of thedetector wls 0S Q=1l.lA-t. The in-plane momentum transfer is given byqx : (4n/7) sin?.

6.2.3 MooelrNc AND FrrrrNc

The measured XR data, R(g"), can be modeled using the relation

R(q)lR1@) xl (t/p*) 
[ o,p,rtnr/02]eie,= g

valid within the Born approximatio", i..., for a ) 42, or q- > O.2A-r in our
measurements' Here (p(-)) is the erectron density at iepttr z averaged over an
area of the surface that corresponds to the X-ray resolution, p* is the bulk
electron density, and R1 is the Fresner reflectivity for an iaeaitf smoorh and
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(a)

vacuum

FIG l ' (a) Schematic drawing of the cell used for the X-ray surface diffraction measuremenrs onliquid Hg' showing rhe rrough containing the liquid Hg sample (A). the Hg rcservoir (B). the capiilary
sample inlet (C), the X-ray windows (D), the gas handling manifold (E), rhe active vibration isolarion
table (F)' and the X-ray beam (dashed line). (b) Side (upper) and top (lower) views of rhe diffraction
geometry. The incident beam is dlted down ro impinge on the liquid surface at an angrc e by a Ge
single crystal- The detecror measurcs the intensity of an X-my aiffractea vcrticaily at an an,ele fre lat ivetothesurfaceandahor izontarmgre2lrerat ivetothespecurarrcf fect ion 

prane.q,arraq,
denote the surface-normar and in-prane componen$ of the scanering vector.

abrupt interface.*'r0 Typically, a physically motivated model is constructed for
the density profile (p(t)), inserted into the equarion above which is then
calculated analytically and fitted to the measured reflectivity data to extract the
parameter values that best describe the profile. In the case of a bare mercury
surface, the oscillatory density profire (p(z)) was modeled by a number of
Gaussians whose width increases with the distance of each Gaussian from the
surface, such that the density becomes uniform when the widths exceed the
distance between adjacent Gaussians. The structure was also broadened by
convolution with the atomic scattering factor.s

For the thiol-covered Hg surface, we modified this model profile by adding on
top n Gaussians, each of which represenrs a cH2 group ofihe alkyi chain and

I
i t
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an acditional Gaussian ,"p..r"i,n, the terminal sulfur. The model for the
multilayer data was constructed in an analogous way. The carbon<arbon and the
car'oorr-sulfur spacings along the surface normal were fixed at 1.27 A and 1.5 A,
respectively. These spacings correspond to the projections ofthe carbon-carbon
(1.53 A) and the carbon-sulfur (1.82 A) uonas onro the molecular axis. The in-
plane area per molecule was fixed at that of the multilayer phases (19.23 A2), as
measured by GIXD.

6.3 Results

In this section we describe the XR and GIXD results obtained for monolayer and
multilayer thiol films and their modeling in some detail.

6.3.I MoNoLAYERs

Refiectivin'

The measured X-ray reflectiviries R(q,) of the bare liquid H-e as well as surfaces
covered by cs, C12. c16, and c1s are shown in Fig. 2. Note fiist that both the bare
(Rs"' dashed line) and the rhiol-covered (R.", open circles) reffectiviries are only
a little lower than the Fresnel reflectivity (Rl solid tine) of an ideally flat surface.
This indicates a similar, small surface roughn.tr for the bare and thiol-covered
Hg surfaces. Although Rs, dips significantly below Rs* fo1{. ) 0.5A-r, tney
approach each other again ar rhe broad peak around z.is A-i. since this peak
characterizes the atomic surface layering of the Hg subphase,v its penistence
here for the thiol-covered surface indicates that adsorption of the organic
molecules causes no major changes in the liquid metal surface structure. A
similar conclusion was obtained for f4tty acid layers on Hg by Barton et al.al
and Harzallah et al.,a2 although rhe SE interactions in hoth of these studies are
much '*'eaker than here. The rnost significant change, compared with the bare
mercury surface, is the emergence of periodic oscillations, which result from
interference of waves reflected from the thiol/air ancl thiol/mercury interfaces.
The oscillations are highlighted by normalizing the measured Rs, curues by the

lr;sryt 
reflectivity R,". The resulrins R/&curves are presented for C,, and C1s in

r1s. 3. For the R6, curves shown, foui to five equaily spaced oscillations are
observed, which is considerabll, more than that achievable for equal-thickness
LAMs on water, where the low surface tension-and consequent higher
roughnes-s from capillary wave fluctuations-limit the measurable 4, range to
s 0.6 - 0.7A-r. consequentry. rhe spatial resolution achievable for LAMs on
rvater is correspondingly lower. The period L,q- of the fringes, marked on the
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1o-2

r n-4

1 o-to

1  o- t2

r  o - to
0 0.5 1.0 1.5 2.0 2.5

q' [A-t]

FIG.2.  X-rayret lecr iv i t iesofbare(dashedl ine)andc3.c l , ,c l6.andcrHmonoravercoveredhquid
Hg surface. The curves a:e shifted rerative to each other by two decades for clarirt,. The Fresner
reflectivity R1 (solid line) is also shown. The presence of rhe monolayer is clearll, iniicated bv the
periodic modulations of rhe curves. rhe so-called Kiessie fringes.

f igure, correspond to a layer thickness of d :2nl A,q-: 17.5A and 25 A for C,2
and c1s, respectively. These values are in excellent "_nr..o,.nt with the len-eth of

lh:^f"ltt 
.T,:-d"$ C, motecules, (x - t) x 1.27 + 1.50 +2.2 A. *i,.r. r.ii A,

1.50 A and 2-2 A are-the surface-no:rnal projected rengths of the cH2{H2,
cH2-s, and S-Hg bonds, respectively, derived from bulk ihiolutes.or The overail
shapes and features of the reflectivities for all chain lengths studied are the same.
except, of course, for the periods of tlre oscillations. Ao*euer. for long chains
(n:22,30) the fringes are weak, which indicates high inrerfacial roughness and
less. well-defined layers.

The model discussed in the previous section was fitted ro the measured
reffectivities, using identical parameters for all data sets (apart from the number
of cH2 groups). As the solid lines in Fig. 3 show, the results are in exceilent
agreement with the experimental data. The density profiles (normalized to the
bulk Hg electron density), conesponding to the fits shown in Fig. 3. are protted in

-  r n - 6'.=

c  . ^ - 8I U

I
l"
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FtG.3.  Themeasurednormal izedref lect iv i t iesR/Rlof(a)Crsand(b)Cr:monolayersonl iquidHg
(circtes) and of the bare Hg surfaceu (dashed line). The different periodicities Aq, for Cj 5 and C 1 2 arc

indicared. Solid lines are fits ro lhe model described in the texr with rhe fit parameters differing only in

the number of cH2 groups. (Reprinred with permission from Nature 384, 250 ( 1996)' copyright 1996

Macmillan l4agazines Ltd.)

Fig. 4. comparison with the density profile of the clean Hg surface (dashed line)

reieals the extended hydrocarbon tail, the higher-density sulfur atom in between

the Hg and hydrocarbon tail, and a slight decrease in the amplitudes of the first Hg

layers. This decrease upon coverage with thiols likely reffects th.e small increase

in surface roughness eipected from the capillary wave theory" due to a small

decrease in the surface tension. Nevertheless, the layered structure of the Hg

interface, its decay length, and other properties remain unchanged upon coverage

of the surface by thiols despite the strong S-Hg covalent bond. Furthermore, the

surface roughness (estimated from the density profile width of the first Hg layer)

remains about I A, which is in good agreement with the value given by capillary

wave theory.3o This confirms the uniqueness of liquid metal surfaces as

atomically flat substrates of macroscopically large lateral dimensions'



THE STRUCTURE OF ALKANETHIOL FILMS ON LIQUID MERCURY: AN X-RAY STUDY r 9 l

ffi:'tg??o
rffigdPE
ffiE$ooo

t t l
1.2

1.0

0.8
Is

A o.o

0.4

0.2

-30 -20 -10 0 10
' [A]

FIG. 4. Schematic drawing (upper) of the molecular stacking and (lower) normalized elecrron
densi typrof i les (p( : ) ) /p-  (wi thHgbulkelectrondensi typ-)obtainedfromthef i rsof themodel for

Crr (bold line) and CHr2 (lhin line). The upper and lower figures are aligned with each orher. Venical
lines in the model mark the positions of the three outerrnost Hg surface layers, with rhe origin of:
coinciding u'ith rhe first Hg layer. since rhe Gaussian widrh describing the CH2 groups (rypically
- r .ZAl is considerably greater than half the separation berween the carbon atoms, the density profile
appears constant in the central pan of the chain. (Reprinted with permission from Narure 384, 250
(1996). Copyright 1996 Macmillan Magazines Lrd.)

As discussed below, GIXD measuremenrs yield an accurate value of lg.Z3 ^2
for the arealmolecule of the thiol multilayers. All model fits to the monolayers
discussed so far employed this value as a fixed parar-neter. The good fits and the
closeness of the resultant layer thickness to the extended molecule's length in all
cases strongly support the conclusion that this molecular area is indeed correct for
monolayers as well. When allowed to vary in the fit, the area/molecule in the
monolayer fits converges to a slightly lower value of 18.75 A2, *hi.h is,
nevertheless, still close to the multilayer value. Regardless of this small
uncertainty, the agreement between the two sets of values-those refined from
the XR measurements and those obtained from the GIXD (of multilavers)--

t
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.;{ 'thin a few
indicate that the coverage .f the surface by the rayer is completc to wr

percent at mosr ana tnai its density is very high; it is comparable to those of

crystalline monoiayers formed by surface r'""aii* "ju"" La alcohol melts23

and fully compressed LAMs on water"-

GIXD

BoththehighdensityfoundintheXRmeasurementsfortheadsorbedthioilayer
and the extended -ollufu' conformation indicated by the measured layer

thickness require u "fot" p""ting of the molecules' Therefore' one may expect

that the layer will show in-p1ane long-range ordering ̂ of. 
the 

l:t:-t"-:
Nevertheless, exhaustive GIXD measurements at two of the most lntense

beamlines worldwide, X25 atthe NSLS and TROIKA at the ESRF failed to

show any in-plane peaks for the monolayer phases of thiol molecules of any of

the examinea lengttrs' Observation of such peaks would t-r1ve indicated the

existenceofanorderedadlayerstructure.Inparticular,acarefulsearchwasdone
ilrn i.;;'ii X:l-*r,.r"itructurally similar SAMs and LAMs (as well as our

multilayer measurements) show the lowest-order in-plane pealts' In Fig' 5 we

show the measured ctXD data for the C13 thiol Tot:l"v"i 9:ll1 lt*) 
and for

the clean Hg surface (dash line)' Both -sh.ow. 
the characteristic broad peaks

around the in-plane wavevectors 4yx2'3 A-r and g1 = o:11-l-expected for

ilfi;;;L"jo""rn at diff#nr relative intensities, which mav indicate a

very slight tniot-inauce? modification of the in-plane structure of the Hg

surface). As we discuss below' the absence of in-plane order in the densely

packed alkanethiol *not^y"' is most likely promoted by the disordered Hg

subpirase via the strong, covalent {S-S 
U"na'

It is worth noting tiuitt e sarne reflectivity and in-plane results described above

were obtained also ln measurements of thiol-cou"rio Hg in air. By contrast' for

the bare (i-e-, not covered by thiols) Hg surface in air' high surface roughness and

pronounced mercury oxideiinuction peaks are observed. This indicates that the

thiolmonolayeractsasabarr ierthatprotectsthesurfacefrornoxidat ion,asi t
does atso on solid;; #;;"tiu 

'ffti., 
as well as electrochemical charge

transfer .*p".i-"ntr,l;tt strongly support our results of the close packing of the

thiol monolaYer. ,--.^- ̂ r
lnFig.6wesummarizetheStructureofthethiolmcnolayeronmercuryasrt

emer-sed from the results described above: an underlying layered mercury

subphase and a sulphur-bound monolayer of vertically aligned' densely packed'

yet in-plane airoro","J' thiol molecutes' tre implicaiions- of this'packing on the

roles played by th" ;;;;;r-int"ru.tio.rs in the determination of the monolayer's

structure are discussed in the next sectron'
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FtG.5. GIXDparternsofabare(dashcdline)andacls-monolayer-covered(sol idl ine)Hgsurface'
m e a s u r e d w i t h a n i n c i d e n c e a n g | e a = 0 . 2 " = 0 . 6 e . a n d a v e n i c a l d e t e c t o r a c c e p t a n c e o f
; a; S t.t A-'. Only the broad peaks corresponding ro the Hg liquid smrcture factor are found

in rtte monot"yerdata (in-plane resolution A(20) = 5 mrad)' The absence ofsharp diffraction pealis from

the thiol monolayer indicates rhat no long-rrnge in-plane order is established in this Iayer' in spite of

irs densc packing. (Rcprinred with permission from Nature 3E4' 250 (1996). Copyright 1996

Macmillan Magazines Ltd.)

6.3.2 MUNLAYERS

Ref ecririry

At higher thiol coverages, distinct changes in the reflectivity curves are

obseruled, indicating the formation of multilayer structures. As will be shown

below, these multilayers correspond to the epitaxial growth of mercury thiolates.

A typical reflectivity curve for a C12 thiol multilayer 
911n?*lty 

is.shown in Fig'

f. iire curve exhibits peaks with a period L,q--0.i75 A-', which is clcse to

half that of the corresponding period for a monolayer (Fig. 3). This indicates a

m u l t i l a y e r s t r u c t u r e . w i t h a r e p e a t d i s t a n c e a l o n g t h e s u r f a c e n o r m a l
d:Z;l/Iq,:35-9 A, which is close to that of two fully extended thiol

,nol".uier-ii.e., bilayer stacking). Several features of the raw data stand out

.immediately. Since the reflectivity follows that of -the bare liquid Hg, the surface

roughness of the multilayers remains low: - tA. etso, the layering peali at

3

e11 [A-11

I
l l
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FIc ' 6 Model of the atanentf monolayer on the liquid Hg surface. The laterally disordered longalkylthiol molecules are oriented along the iu.f"c" nor'iar and bind with their terminal surfur aroms rothe topmosr Hg rayer. The layerin,e oi the Hg ",o-, in ir," near-surface region is highrighred by rhe

ff:::iiJ":ffi 
(Reprinted with permission r'i. N"i*. sa 4.2s0 (tss6).dpF-nr.,i'isso Macmlran

Q= : 2'2 A-t s."-s to persist in ail X-ray reflectivity patterns, indicating that themultilayer does r,ot disturb significanrlyihe t"yering effect at the surface of themercury subphase- The greater intensity of the evJn-indexed peaks rerative tothose of the neighboring odd-indexed p.ut , in the reflectivity modulations resulrsfrom differences in the ..monolay";,, 
;; ..bilayer,, 

srrucrure facrors. Theappearance of sinusoidal modurations, rarher than iharp Bragg peaks, indicatesthat there are only a few bilaye^ p."..nr, porriuty iur, one or two. In addition, theabsence of Kiessig fringes, especia'y at small g,, indicates either the presence ofa single bilayer or a variation in the numb", or uituy"., during the measuremenrtime and/or across the X-ray ilruminatea area or the surface. The high modulationamplitude observed, more than tenfold that observed for monolayers, requireshigh electron density variations arong the ,u.ru.. normar of the bilayer. The most
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FIG. 7 . X-ray reflectivity of a C12 thiol multilayer on liquid Hg (circlcs). The reflcctiviry of the bare
Hg surface (dashed line) and a fit to the experimental data (solid line) are also shown. The fir indicares
the existence of one bilayer of mercury thiolare residing on rop of the single-monolayer-covercd
mercury surface, as described in Fig. 8.

probable source for such a high electron density is the intercalation of Hg atoms
into the bilayer. A similar structure has recently been reported for bulk Hg
thiolates, albeit with very short chain lengths, where planes of Hg atoms are
separated by thiol bilayers with the binding sulfur atoms above and below the Hg
planes.a5

To obtain a more quantitative description of the multilayer's stnrcture, a model
was constructed for the density profile using the same general approach of the
monoiayer model presented above. Here a variable number of bilavers are added
on top of the thiol-monolayer-terminated Hg surface where in eacir bilayer there
is one Hg atom sandwiched between the sulfur head groups of the two thiol
molecules (as shown in Fig 8). The area of the in-plane two-dimensional unit cell
was fixed at lg-23 A2 determined from the GIXD measurements (see below), and
the surface-normal d-spacing of the bilayers was allowed to vary in the fit. The



best fit to a model composed of a singre bilayer on top of the monolayer is shownin Fig' 7 as a solid line, and the coneiponaing electron density profiie is given inFig' 8. Here rhe bilayer rhickness is found ,J u" :+.t A, *ni.t is very close totwice the monolayer thickness (17.5 i). Moders assuming either two or rhreebilayers result in similar quality fits, with almost identical bilayer thickness.Hence' although the reasonable fit verifies the general features of the modetproposed. the details should be regarded as renrarive onry. The generally lower fitquality for multilayers (as compared ro the monorayer fits) may result frompossible local and/or temporal variations in the number of bilayersover the areailluminated by the X-ray beam and/or other srrucrural imperfections in themultilayer. Also, a more sophisticated moder that would take into accounrdifferent structural motifs may be required to fully describe the comprex structureof the multilayers. Further work on ihi, is clearly necessary.
. .To further verify that the multilayers are indeed structurally similar tothiolares-rarher than bein-g a pure, Hg-ftgs. alkanethior il;;i; srnrcture ofbulk Hg thiolates prepared as po,rder-by reacting c11 and c1s alkanethiors withmercurv acetate was investigared using high-resolution pou,der diffraction at

i r :
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H3C-(CH,)".,-S-Hg-S-(CHr)".,-CH. H3C-(CH,)".,_S_Hg*o
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Z LAI

FIG ' 8 (Upper) e schematil.mldlr of rhe layer sucking rn rhc cr: thior murtirayer, obtained fromthe fit lo the measured dara in Fig.. 7..(Lower) The .orr"rpJndin_s density profite. The layer consists ofa single thiol bilayer sandwich (of intemal srnrcrure thiol-Hg-+hiol) adsorbed on top of the thiol-monolayer-terminated Hg surface. Note the high-density Hg monolayer intercalated in between thetwo thiol monolayers and anached at borh sides to the sutphur of each thior, represenred by theintermediare densiry layen on borh sides of the mercurv layer.
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beamline X7A of the NSLS. The resultant spectrum includes diffraction peaks,
which are in good agreement with the peaks observed for the multilayers. For
example, the low-4 peaks of the C12 mercury thiolate powder are observed at

s(00/) : / x 0.l80lA-r, yielding a c-axis layer spacin-e d :2nlLq=: 34.894;
this is very close to that of the bilayer. A full structural analysis of the complex
monoclinic structure of the thiolates was not attempted.

Neither the formation process ol these multilayers nor tlie parameters
controlling it are well understood yet, and reproducible production of multilayers
of a given number of layers is still much of an art. We also note that multilayer
phases form more easily for the shorter, higher-vapor-pressure thiols; for n > l8
no multilayers could be observed. Perfecting a procedure for producing these
multilayers and easily controlling the number of bilayers is a prerequisite for
funher advance in the detailed study of their structure and the possible

dependence of the structure on the number of layers.

GIXD

In marked contrast to the GIXD measurements on monolayers where no
diffraction peaks were observed, for multilayers we found sharp. well-separated

diffraction peaks. In Fig. 9 we show the pattem measured tbr Cs2 (thin solid
line). It includes over ten diffraction peaks that can be indexed by an oblique
unit cell with lanice parameters l a l: 4.31A, l b l: 4.72A,7 : 71" , as shown
in the inset. The calculated diffraction peak positions for this structure are
marked by vertical arrows at the bottom of the figure and are in excellent
agreement with the positions of the observed lines. The area occupied by each
molecule in this structure is 19.23 A2. a value used in the XR fits and
corroborated by those results (as discussed above). The resolution-limited width

of the peaks indicates that the in-plane order is long-range and extends over a
resolution-limited coherence length of at leas 1000 A. A full stmctural
rcfinement, including the intensities, will have to await a measurement with
higher statistical accuracy.

The diffraction pattems obtained from the GIXD for different chain lengths are
similar in their peak positions and intensities. The three lowest-order peaks of the
patterns obtained are for Cgat1.42,1.54, and l.7l A-', forC12 at 1.41, 1.54, and
l.Zt A-' and for C15 at 1.46, 1.57, and 1.70 A-'. The similar positions indicate
that the in-plane crystallographic stmcture of the multilayers is to a large extent
length independent. The smaller 911 values, and correspondingly larger in-plane
repeat distances, observed for C16 may be indicative of a small tilt of the
molecules from the surface normal. Tilts of 5-l0o cannot be extracted from the
very complex reflectivity curves of the multilayers, such as that shown in Fig. 7.
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FIG' 9' Grazing-incidence diff'raction panems of a bare (dashed line) and a c,, mulrirayer_covered(solid line) Hg surlace (experinrental parameters are the sarne as in Fi_g. 7)..At reast 12 sharp,resoluiion-limired diffraction peaks are visible in the oarrwer-ordered in-prane ;;;",.. rhe carcurated ""', ..i,'T rffi:::r,T: ili:i?;l;'1,1'iii1-rlfigure. The calculated peak posirions .orr.rponAin,r ,o ,t ir a"ff are marked by anows at the bonom ofthe figure and are in excetent a,sreement with the observed diffraction panem.

on the blis of the presenr data, we arso cannot asceftain the registry betweenadjacent thiol layers or berween the thiol aJ int.r.aluted H,s layers.

6.4 Discussion

The results obtained in these measurements highright the role of organic films onIiquid metals as an intermediate case between Lan-emuir films on water (ororganic liquids) and serf-assembred monolayers on crystalline subsrrates. Themonolayer data ilrustrates the importance of the relative strengths of the SE andIC interactions and the specific order preferred by each. The observation ofsharp GIXD peaks in monolaye^yr,..n, dominated by IC interactions-rike thedensely packed phases of LAMs of uf[un.r. ulcohols, and fatty acids on pure
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waterl2--demonstrate that long-range in-plane order is usually established in
such systems.

Although the confinement of the film to rhe surface in LAMs on water by the
hydrophobic interactions of the chains with the subphase may have a stabilizing
effect on these LAMs, it is by no means a necessary condition for establishing
order in the surface layer. This is demonstrated by a series of measurements at the
free surface of single-componenr buik melts of alkanes and of alcohols,23 where
crystalline mono- or bilayers were observed on the surface of the bulk melt at
temperatures up to a few degrees above the bulk freezing point. In these cases the"monolayer" 

and "subphase" molecules are identical, and of course fully
miscible so that the monolayer molecules are not confined to the surface.
However, both systems are dominated by the IC interactions, and the SE bonds
( - l0 kJ/mol hydrogen bonds in the case of LAMs on water and - I kJ/mol van
der Waals in the case of alkanes and alcohols on their own rnelts) are weaker than
those of the IC interactions for chains of lengths z ) l0 _ 15 carbons. The
conclusion is, therefore, that the IC inreractions are responsible for the long_range
order in these systems. For Langmuir monolayers, with only a feu,exceptions the
SE interactions with rhe disordered atoms of the liquid subphase are too weak to
cause more than slight chan_ees in the structure relative to that favored by the IC
interactions in these films.

The spatial variation of the SE interaction parallel to the surface-the so-called
comrgation potential-may either promote or oppose the ordering favored by the
IC interactions, depending on the match between the packing arrangement and
periodicities favored by_these two interactions. For example, for thiol SAMs on
crystalline Au surfacesat*e the comrgation potential rends to favor well-ordered
monolayers that may be either commensurate or uniaxial-incommensurate with
the underlying metal. Here the mismatch between the two structures is small, and
the small difference between the underlying substrate and alkane spacings is
compensated for by a molecular tilt in the SAM. The enhanced stability of the
SAM, resulting from the snong SE interaction, is reflected in the elevated melting
temperature of alkane thiols on Au(l I l) as compared to that of the bulk.az

Although the strengrh of the SE interacrion of thiols on Hg ( - 200 kJ/mol) is
similar to that of thiols on crystalline Au, cu, and Ag, the liquid Hg surface has
no intrinsic long-range order, i.e., no underlying comrgation potential to impose
its order on the thiol monolayer. It could be expected, therefore, that the absence
of interference from the substrate's ordering field will promote the formation of
order in the film by the IC interactions, as occurs in LAMs. Frnhermore, the Hg
atoms of the liquid substrate, although strongly bound to the thiol molecules, are
free to move laterally to accommodate the order preferred by the IC interactions.
However, reversing this argument implies that any order induced by the IC
interacrion is highly likely to be imposed on the surface Hg atoms as well be due

I
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to the same very sfong SE interactibn. Assuming the layer to have the samestrucrure as found for alkarrethiols on Au and A-githis *outa ,"q;ire a 5_r0?ocompression of the Hg atoms in the surface layer. This compression wourd carrya great energy cost. In addition,-the consequenr order induced in the Hg surfacelayer' at a temperature where the uutt< is-lisordered, would represent a largeincrease in rhe entropic contributio" ,;;Iig surface free energy. For rhese tworeasons, the induction of order in the Hg surface rayer by tt "-tnior monolayerappears highly unrikery. we conclude thlrefore that the opposite happens: Thedisordered liquid surface srrucrure "a ;; Hg subphase is imposed on theadsorbate film, resulting in an in-plane-disordered film. A similariendency wasobserved in a recenr study of LAMs on *"r.r, where the strengthening of theadsorbateriquid-subphase interaction by the addition ofcosolvenrs inhibited rhetwo-dimensional crystallization of tt. u*piipr,il. i"y;;.;o 
-

wh.ile the Hg subphase suppresses the intrinsic in-plane order of the first thiormonolayer' this disordering "ff..t ao.. noi "*tend beyond the first rayer, thusallowing ordered multilayir phases ̂ - oi."*.a. The first thior monorayerpresents a terminal rayer ofrnethyl -groups to the firsr birayer that assembles ontop of it' This leads to an SE interac-tion'for the first birayer, which is the cH3_CHj interaction (as shown in the model in ng. g) discussed above. The strengthof rhis inreracrion is only - l_1.5 kJil, 'or _l/20 of the S_Hg bond. Inaddirion' the ordering is promoted n", onrv'uv the IC interactions between thechains but also by the stron-g ionic inreractions ber*een the intercalated Hg andthe terminal sulfurs. ttrus, wittr the great J""r""r. in the SE interaction strengthfor the first bilayer, the total IC inteiaction. u""o,n. dominant and induce lon-s-ran-ge order in rhe bilayer. This order has a similar lattice type (although highryoblique) and unit cell dimensions as is founl in dense alkane and alcohol filmsand compressed LAMs on warer, which are also IC interaction dominated.

6.5 Conclusion

The resuhs of our stuaies indicate for the first time that dense, we[defined,molecular organic firms on the surface of Hg can be formed, and their structuredetermined by precise surface^-specific X-raiscattering methods. The seeminglycontradictory observations of a hi-ehly developed order in the surface-normaldirection (densely packed thiol moriolay.r. "na ,nultilayers or u"rti""tty alignedmolecules with a uniform thickness) and its complete absence in the in-planedirection for monolyers highlight ,tr. i,npoi"nce of the relative strcngths of theIC and SE interaction., th. .orrug"tion'p"i"",i"r (if any), and their preferredordering parrems in the determinar]on or ir. fn".. behavior of adsorbate films.This' in turn, suggests that it may be por.iiri to conrinuously tune the behavior
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between the ordered and disordered in-plane regimes. First, by using different
end groups the bond strength may be varied over a large range. iu,,i", control of
the surface pressure and the concomitant variation of ttre arealmolecule will
further enhance the ordering tendencies as in conventional Langmuir films.
Increasing the strength of the IC interactions by using longer, or chemically
modified, chains will also increase the tendency for long-iange order. In all cases,
the entropic disordering effects can be reduced by lowering the temperarure.
Since Hg freezes at - 39"c, a significant gain ou". *"t", subphases is
obtainable. Thus, the present results provide a new perspective into the srructure
of both self-assembred and l-angmuir monolayers. Rrture studies using this
sysrem may bridge the gap between these two limiting cases, shed more lighr on
the evolution of one into the other, and elucidate the specific roles of the various
interactions in the determination of the stnrcture of the adsorbate films.
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